Hydroperoxymethyl formate is a crucial intermediate formed during the low-temperature oxidation of dimethyl ether. The decomposition pathways of HOOCH 2 OCHO were calculated at QCISD(T)/CBS//B3LYP/6-311++G(d,p) level. The temperature-and pressure-dependent rate constants are computed using microcanonical variational transition state theory coupled with the RRKM/master equation calculations. The calculations show that a pathway leads to the formation of formic acid and a Criegee intermediate does exist, besides the direct dissociation channel to OH and OCH 2 OCHO radicals. However, formation of the Criegee intermediate has never been considered as an intermediate in dimethyl ether combustion before. The computed rate constants indicate that the newly confirmed pathway is competitive to the direct dissociation route and it is promising to reduce the low-temperature oxidation reactivity. Also electronic effect of groups, e.g. -CHO and O atom, is taken into account. Moreover, Hirshfeld atomic charge and natural bond order analysis are performed to explain this phenomenon from a perspective of chemical nature.
I. INTRODUCTION
Dimethyl ether (DME) appears to be an excellent and efficient alternative fuel for use in diesel engines [1, 2] due to its merits of high cetane number and low soot and NO x emission tendencies in combustion field. On the other hand, the leakage of DME in transportation and storage may cause an accidental fire because of its high oxidation reactivity even under low temperature. In view of both the advantages and disadvantages in the applications of DME as an alternative, a better understanding of its low-temperature oxidation characteristics is highly desired for the engine design. Extensive experiments [3−11] and theoretical calculations [6, 12−20] , as well as kinetic modeling studies [7−9, 21−23] , have been carried out for the combustion chemistry of DME in last decades. Curran et al. proposed the DME consumption pathways, starting from the parent DME and proceeding along with CH 3 OCH 2 ·+O 2 →CH 3 OCH 2 OO·→·CH 2 OCH 2 O 2 H+O 2 →·OOCH 2 OCH 2 O 2 H→OH+HOOCH 2 OCHO (HPMF) [9] . This reaction sequence for DME consumption has received common consensuses at present. The following decomposition of hydroperoxymethyl formate (i.e., * Author to whom correspondence should be addressed. E-mail: zld@ustc.edu.cn HPMF) then produces the second OH radical through the following reaction R1:
HPMF=OCH 2 OCHO+OH R1 reaction R1 is one of the most important reactions in low-temperature oxidation of DME. A clear proof can be found in Burke's work about the sensitivity analysis of DME ignition delay time conducted at 10 atm and various equivalence ratios [7] . As we can see, the most-promoting reaction at ϕ=0.5, 1.0, and 2.0 in 'air' is reaction R1, where HPMF acts as a trigger and its decomposition leads to the chain branching step and consequently the occurrence of the first-stage ignition. Recently, Tomlin et al. [24] exhibited a global uncertainty analysis for three current mechanisms about DME lowtemperature oxidation: Metcalfe et al. [21] , Zheng et al. [25] , and Liu et al. [26] . Their work highlighted that reaction (R1) and its competitive reactions are likely to dominate the remaining uncertainties in current DME models.
However, despite the importance of HPMF decomposition channels, only a few reports could be found available up to date [12, 16] . Andersen and Carter studied the thermal decomposition of HPMF at the level of B3LYP, they proposed an important branching reaction of reactions R2a and R2b as below, which is theoretically predicted to be more important than reaction R1 at 600 K [12, 16] . In particular, the Criegee biradical (·CH 2 OO· in reaction R2b) has also been shown to be an important intermediate in combustion chemistry by Taatjes and co-workers, whose recent studies on reactions of ·CH 2 OO· with aldehydes and ketones demonstrate that these Criegee intermediates could serve as a potential source of acids at low temperatures and pressures [27, 28] . [12, 16] , little is known about the reaction of HPMF decomposition. A similar species γ-ketohydroperoxide (KHP) in the lowtemperature propane oxidation was studied by Jalan et al. [29] . The inclusion of Korcek decomposition mechanism of KHP, where a cyclic intermediate is first formed, yielded an excellent agreement with experiment [29] . The great analogy of HPMF with KHP intrigues us to explore the fate of HPMF in low-temperature DME oxidation process. The reaction network of HPMF, especially the competition of other reaction channels with reaction R1, is in a severe lack of knowledge except Andersen et al.'s work mentioned above [12, 16] . Therefore, in order to better understand the low-temperature oxidation mechanism of DME, the unimolecular decomposition of HPMF urgently needs detailed calculations with high precision.
In this work, we pursued a high-level computational investigation on the unimolecular decomposition of HPMF. The phenomenological rate constants were computed using the microcanonical variational transition state theory (µVT) coupled with the RRKM/master equation calculations. Moreover, the Hirshfeld atomic charge analysis and natural bond order analysis were performed to compare the different electronic effect between O and CH 2 group on KHP and HPMF unimolecular decomposition in detail. These reactions represent a new general class of reactions and are expected to play an important role in the low-temperature DME oxidation mechanism. We hope that these results can shed helpful insight into understanding the low-temperature oxidation reactivity of DME and lead to further development of a comprehensive DME low-temperature oxidation mechanism in the future.
II. THEORETICAL METHODS

A. Quantum chemical methods
The stationary points involved in unimolecular decomposition pathways of HPMF were geometrically optimized at the B3LYP/6-311++G(d,p) level. Based on optimized structures, two separate methods were used to perform the single-point energy calculations: quadratic configuration interaction with singles, doubles and perturbative inclusion of triples (QCISD(T)) [30, 31] , and Møller-Plesset perturbation theory (MP2). The QCISD(T) calculations were done with two Dunning basis sets [30, 32] : the correlation-consistent, polarized-valence, double-ζ (cc-PVDZ) and triple-ζ (ccpVTZ). The MP2 calculations were done with three Dunning basis sets: cc-pVDZ, cc-pVTZ and cc-pVQZ (quadruple-ζ). The means of obtaining energy at complete basis set limit (CBS) were referred to those used by Goldsmith et al. [33] , being expressed as:
Each term on the right-hand side represents an individual CBS approximation extrapolated by energies at designated basis sets. For instance, E (QCISD(T)/CBS)DZ→TZ represents the CBS energy extrapolated by QCISD(T)/cc-pVDZ and QCISD(T)/ccpVTZ energies, as the following expression:
Similar formula also applies to the other two terms as following:
The approximation method has been proven to be efficient and accurate for high-level energy estimations with the uncertainty within 0.9 kcal/mol [33] . The zero-point energy corrections were obtained from the B3LYP/6-311++G(d,p) optimizations.
With respect to the barrierless reaction R1, there is no chemical barrier along the reaction coordinate. To properly treat this reaction, the minimum energy path describing the bond fission process was constructed with a step size of 0.2Å using the CASPT2(2e,2o)/ccpVTZ method. Here the minimum active space (2e,2o) was used, which simply contains the σ and σ * orbitals for the breaking bond.
Then the energies for each point along the dissociation pathway were scaled by the bond dissociation energy computed at QCISD(T)/CBS level. The Hirshfeld atomic charge analysis [34] of some important species was carried out at B3LYP/6-311++G(d,p) using the electronic density of the molecule and of a fictitious promolecule, which has been suggested to yield chemically meaningful charges and show little basis set dependence [35, 36] . Traditionally, all main reaction channels were investigated with the natural bond order analysis to reveal the reaction mechanism. All the single-reference calculations were performed with the Gaussian 09 program [37] and the multi-reference calculations were done with the Molpro program [38] .
B. Rate constant calculations
The µVT was applied for the C−O and O−O bond dissociation channels. In the µVT principle, the high pressure limit (HPL) rate constant was calculated as a function of energy and position of the transition state, i.e., k HPL (E) was calculated at each point along the reaction coordinate. At each energy, the optimum transition state is located at the position with the minimum k HPL (E). After that, the microcanonical rate constants of all channels, with or without chemical barriers, were computed by the RRKM theory, which was coupled with master equation simulations to export the phenomenological rate constants at various temperature and pressure. The Eckart tunneling correction [39] was included in the RRKM/master equation calculations for reactions with tight transition state (TS). As for the collisional model used in the master equation simulations, the interaction between reactants and the bath gas Ar was modeled by the Lennard-Jones (L-J) potential. The L-J parameters were chosen as σ=3.465Å, ε=113.5 K for Ar [40] . For HPMF, the L-J parameters were estimated according to the empirical equations [41] :
here, k B is the Boltzmann constant, T c is the critical temperature and P c is the critical pressure; the method of Constantinou and Gani [42] was used to estimate the values of T c and P c . According to Eq. (8) and Eq.(9), the L-J values for HPMF were calculated to be σ=5.227Å and ε=463.5 K, respectively. The collision energy transfer was treated using a single-parameter exponential down model: ⟨∆E⟩ down =150(T /300) 0.85 cm −1 . Moreover, special consideration was given to low frequency vibrational modes corresponding to internal hindered rotations. These modes were treated as hindered rotors by B3LYP/6-311++G(d,p) hindrance potentials, which were used to compute the partition functions with the hindered rotor approximation. The hindrance potentials were scanned every 30
• with all degrees of freedom relaxed but the torsional coordinate. Partition functions were evaluated at the E resolved level and all the kinetic calculations were performed using the master equation code PAPER developed by Georgievskii et al. [43] .
III. RESULTS AND DISCUSSION
A. Electronic structure calculations
The decomposition of HPMF can occur via many chemically accessible product channels, as listed in Table I . Here seven main channels were identified: Fig.1 . We also displayed the enthalpies of reaction at 298 K for two important product channels using three different methods in Table II . The results at the QCISD(T)/CBS level agree quite well with the data from the NIST Chemistry WebBook [44] , implying that the present methodology we used for CBS energy extrapolation is reasonable and reliable.
The chain branching step: channel 1
The simple O−O bond fission dissociation of HPMF leading to radical products (OH and OCH 2 OCHO) possesses no saddle point along the reaction coordinate, as shown in Fig.2 , and the dissociation energy is predicted to be 41.64 kcal/mol. Previous studies reported O−O bond dissociation energies (BDEs) to be 41.6±1 and 42.6±1 kcal/mol for CH 3 CH 2 OOH [45] and CH 3 OOH [46] , respectively, and the size effect of the alkyl group on O−O bond strength is assumed to be limited [47] . The BDE of O−O bond for the well-known species γ-ketohydroperoxide (KHP) in low-temperature oxidation of propane was reported to be 49.5 kcal/mol [29] , which is much higher than that of HPMF. As we know, 'electron clouds' consisting of electrons are negatively charged, a repulsive potential is normally present between adjacent electron clouds, and this potential tends to push other electron clouds farther away. In general, the repulsion potential from lone pair electrons is greater than repulsion from bonding pair electrons. Additionally, the negatively-charged lone pairs are typically localized on one single atom, so the dipole moment is prone to be affected by the large, negative, charge population. The difference in BDEs of O−O dissociation between HPMF and KHP can be attributed to the lone pair electron effect on the oxygen atom of the neighboring carbonyl group. In order to explain the difference between KHP and HPMF dissociation channels, additional analysis on the electronic effect, such as charge distribution, could be useful, which will be discussed in more detail later.
Formation of CH2OO and HCOOH
Reaction R2 mainly involves the transfer of H-atom in -OOH group accompanied by simultaneous cleavage of the C6−O7 bond, with no well-defined saddle point in the process. Figure 3 shows the dissociation curve along the stretching bond length in 0.2Å interval using the CCSD(T)-F12a/cc-pVTZ//M062X/6-311+G(2df,2p) method. This method is adopted by reference to the KHP work of Jalan et al. [29] and has been found to provide reliable results. Also the CCSD(T) T1 diagnostics for stationary points indicate that there is no need to perform the multi-reference calculations.
As shown in Fig.4 , the atomic label for main species will be used in the following discussion. In addition to R2, there is an alternative reaction mechanism leading to the formation of CH 2 OO and HCOOH, namely R3+R4. The H atom in -OOH is transferred to O9 of carbonyl group, during which the O2 atom approaching towards the C8 atom. As reaction proceeds, a fivemember-ring intermediate (INT2, R3) arises. A saddle point (TS2) can be readily located at B3LYP/6-311++G(d,p) level for this isomerization reaction. Following that, INT2 directly decomposes into two separate fragments CH 2 OO and HCOOH through simultaneous bond fission of C6−O7 and C8−O2. This dissociation process features no well-defined saddle points, and here was preferably treated with the variational transition state theory.
This alternative reaction mechanism is similar to Korcek decomposition of KHP in low-temperature alkane oxidation [29] , where a cyclic intermediate is formed via TS c in Fig.4 (TS2) for HPMF cyclization is 43.43 kcal/mol, slightly higher than the asymptotic threshold energy of R1 (41.64 kcal/mol). In contrast, the KHP cyclization energy barrier is about 34.7 kcal/mol, which is much lower than threshold energy of the O−O bond fission channel (∼49.5 kcal/mol) [29] . We now attempt to interpret the deviation from two perspectives of molecules: charge distribution and natural bond order. The Hirschfeld atomic charge distribution in TS2 and TS c is shown in Fig.4 . It is amazing that the O2 in TS2 has twice more negative charge than the O2 in TS c . The conjugated effect is gradually destroyed as the H atom transfers to O9. However, the charge distribution on C8−O2 bond is quite different in these two saddle points. For TS2, the charge assigned to C8 and O2 atoms is far in excess of that required for the formation of nominal C−O bond. The resulting effect is such that this structure is more like a biradical as opposed to TS c where the charge distribution on C8−O2 bond is close to that required to form nominal C−O bond. It is well known that these biradicals or analogous biradicals could attract the atomic charge of the radical center, leading to stronger charge localization. This localization causes the loss of molecular stabilization and the increase of energy.
The natural bond order analysis for these four molecules is also shown in Fig.4 . It is clearly seen that the forming C8−O2 bond has different bond order in TS2 and TS c . A bond order of 0.3140 in TS2 indicates that it is still far from the formation of a nominal C−O bond, while the bond order of 0.5124 in TS c is more or less of the same magnitude as that for forming the nominal C−O bond. The comparatively longer bond length of C−O in TS2 gives further proof to the fact that this structure is more like a biradical and has higher energy. Both the charge distribution and bond order analysis help to explain why the cyclization energy barrier of HPMF is higher than KHP, and the energy difference is 8.73 kcal/mol here. In order to better understand the electronic effect of O atom after substituting -CH 2 group, more theoretical calculations were performed at the same level of CCSD(T)-F12a/cc-pVTZ//M062X/6-311+G(2df,2p) for adding -CH 2 group to HPMF and KHP. The structures of HPMF, KHP and the reactants after adding CH 2 group are provided in Fig.5 . The nomenclature of the species is HPMF-CH 2 -a (HOOCH 2 CH 2 OCHO), HPMF-CH 2 -b (HOOCH 2 OCH 2 CHO), and KHP-CH 2 (HOOCH 2 CH 2 CH 2 CHO), respectively.
Figures 6, 7, and 8 show potential energy surfaces of the main decomposition channels for these species, respectively. Comparing the BDEs of O−O bonds in these three molecules, it is obvious to get the conclusion as follows: HPMF-CH 2 -a (50 kcal/mol)>HPMF-CH 2 -b (47 kcal/mol)>HPMF (41.64 kcal/mol), which can be explained by the electronic effect. The magnitude of inductive effect is also dependent on the distance between the effect and the atom. The inductive effect can be used to determine the stability of a molecule dependent on the charge present on the atom and the groups bonded to it. From our calculations, not only the carbonyl group but also oxygen atom (O7) has an unneglectable inductive influence on the O−O bond dissociation. For cyclization process with well-defined However it has a great influence on the cyclization process. This is due to the contribution of the additional CH 2 group, which weakens the electronic effect of the C=O for KHP-CH 2 , thus leading to a slightly higher energy barrier. Traditionally, as the chain atom number increases, the transition state for H atom transfer and cyclization process is more like a biradical which leads to stronger charge localization and its instability. The additional charge analysis and bond order analysis also provide evidence for these changes in chemical characters, which are provided in the supplemental materials.
As shown in Fig.1 , there are other two channels (R5 and R6) from INT2. R5 involves concerted cleavage of the O2−O3 and C8−O7 bonds accompanied by a 1,2 H-shift from C6 to O3 leading to two HCOOH fragments. The overall reaction INT2→2HCOOH has a forward barrier of 38.97 kcal/mol (TS3) and is 78.39 kcal/mol exothermic. For R6, INT2 involves con- certed cleavage of the O2−O3 and C6−O7 bonds accompanied by a 1,2 H-shift from C8 to O7 leading to H 2 C(=O) and HOC(=O)OH fragments. This reaction INT2→H 2 C(=O)+HOC(=O)OH has a forward barrier of 41.97 kcal/mol (TS4) and is 68.82 kcal/mol exothermic.
Other reaction pathways
Beside the aforementioned reactions, there are other reaction pathways for HPMF decomposition. HPMF can directly decompose into three fragments (OH, HCO, HC(=O)OH) via reaction R7 through TS5. The geometry of TS5 features the properties: R(O2−O3)=1.600Å, R(C6−O7)=2.066Å, and H atom in -CH 2 group transferring to O9. Figure 1 shows that R7 has an energy barrier of 44.30 kcal/mol. Another decomposition pathway of HPMF is the dehydration reaction R8, by overcoming a barrier of 44.37 kcal/mol (TS6). At last, the most unfavorable pathway is R9, which occurs via a tight four-centered cyclic transition state TS7 with a high energy barrier of 53.36 kcal/mol. These pathways were also included in the RRKM/Master equation calculations.
In summary, the decomposition of HPME can proceed along via barrierless reactions R1 and R2 into different products. It can also occur via reactions with well-defined chemical barriers, among which reaction R3, forming a five-member-ring intermediate (INT2), has the lowest energy barrier TS2. Subsequent dissociation of the intermediate directly gives rise to formic acid and CH 2 OO by reaction R4. The reaction sequence HPMF→INT2→HCOOH+CH 2 OO provides an alternative mechanism to the formation of formic acid and CH 2 OO. The energy of TS2 is of similar magnitude to asymptotic dissociation energies of R1 and R2, despite the fact that R1 and R2 render a significant contribution to overall rates because of entropic effect, we still expect this alternative mechanism to play a certain role in following kinetic predictions. Competition among multiple reactions will be explored in detail later. The present kinetic predictions deviate somewhat from the theoretical calculations by Andersen and Carter [12, 16] , which can be owing to the different theoretical methodologies and treatments for the barrierless reaction pathways (R1, R2, and R4).
B. Reaction rate constants
As mentioned above, there are nine possible reaction pathways (R1−R9) for the unimolecular decomposition of HPMF. In this work, we carried out the RRKM/master equation calculations for the major competitive reactions (R1−R9) utilizing the PAPER code developed by Georgievskii et al. [43] , with the temperature at 400−1300 K and the pressure ranging from 0.01 atm to 10 atm using Ar as the bath gas. Labels k1, k2, k3, k4, k5, k6, and k7 represent the global rate constants for the channels 1, 2, 3, 4, 5, 6, and 7 respectively. Figure 9 shows the calculated rate constants at 0.1 and 10 atm, respectively. For these channels, the rate order is k2>k1>k6>k5>k3>k4>k7 at 10 atm in the investigated temperature range. Among them, the rate constants of channel 1 and 2 are obviously larger than those of remaining channels due to the smaller bond dissociation energy and the loose transition state. For the other channels (i.e. channels 3−7) with tight transition states, the enthalpies of the transition states have great contribution to the rate constants. Quantum chemical calculations and kinetic predictions both conform to the conclusion that the dominant channels for HPMF dissociation are HPMF→OH+OCH 2 OCHO (channel 1) and HPMF→CH 2 O 2 +HCOOH (channel 2). The predicted global rate constants for individual HPMF decomposition pathway at various temperatures and pressures are displayed in Table III . Moreover, two 3D plots of rate constants for channels 1 and 2 as a function of temperature and pressure are illustrated in Fig.10 and Fig.11 , respectively. Due to the significance of channels 1 and 2, the competition between these two channels will be discussed below.
The channel 1 (i.e. R1) is a barrierless reaction. The variational principle of transition state theory applied to this reaction requires one to maximize the free energy of activation. The entropic change becomes larger as the separation between the fragments in transition state region increases. As the temperature increases, the entropic effect constitutes a larger contribution to the free energy of activation, and the optimum transition state moves to smaller separation of the fragments in order to maximize free energy of activation. Due to the large entropic effect, it is understood that the reaction R1, forming OH+OCH 2 OCHO products, becomes very competitive with the reaction R3 forming an intermediate via a barrier. However, Fig.9 shows that channel 2 forming CH 2 OO+HCOOH present a very strong competition with channel 1 (i.e., R1), especially at higher temperatures. This can be easily explained when we note that channel 2 involves contribution from one barrierless dissociation reaction R2, which becomes important similarly because of the entropic effect. As the pressure increases, channel 2 becomes more and more competitive with channel 1. The new competition between OH+OCH 2 OCHO and CH 2 OO+HCOOH channels is different from the previous work [16] owing to the different treatment for the barrierless dissociation channels. In this work, the barrierless reaction R2 lead- ing to the CH 2 OO and HCOOH formation is treated with the µVT theory as mentioned before.
The branching ratios shown in Fig.12 also demonstrate the competition among main channels in this system. Figure 12 also plots the results from previous work by Andersen et al. [12, 16] for comparison (channels 1 * and 2 * ). The branching ratio of channel 1 has little temperature dependence, whereas branching of channel 1 * by Andersen et al. shows a strong posi- tive temperature dependence. The branching curves for channels 1 and 1 * intersect at ∼700 K. For channel 2, current branching results show that it always plays an important role in the investigated temperature range, while Andersen et al. reported a decreasing branching ratio with increasing temperature for this channel. The large discrepancy in branching ratios simply stems from the disparate rate constants by Andersen et al. and present study. Andersen et al. predicted the rate constants of CH 2 OO+HCOOH product channel to be ten times larger than those of OH+OCH 2 OCHO channel at 600 K, whereas at the same temperature, the present study predicts the CH 2 OO+HCOOH channel to be three times faster.
As a conclusion, the branching ratios between these two channels, OH+OCH 2 OCHO and CH 2 OO+ HCOOH, were found to present some new insights. The new competition between these two channels will have different effect on the low-temperature oxidation reactivity of DME compared to Andersen's work.
IV. CONCLUSION
In this work, the reaction pathways of HPMF decomposition were investigated in detail by high-level quantum chemistry calculations. The microcanonical variational transition state theory calculations coupled with the RRKM/master equation calculations were performed, which provide evidence and theoretical rate coefficients for new competing relationship about HPMF unimolecular dissociation in low-temperature oxidation of DME. The H atom transfer and simultaneous cyclization reaction has high barrier height despite the low angle strain of the five-membered ring intermediate, which can be explained by extra electronic effects revealed by the change of charge distribution in the reaction processes. It is worth mentioning that the rate constants of reactions affecting the oxidation reactivity of DME at relatively low temperatures should be reviewed considering the new competing relationship, i.e. the CH 2 OO and HCOOH formation channel plays an unignored role compared with the OH direct dis -FIG. 12 Branching ratios for five main reaction channels at high pressure limit and 400−1300 K. Here k1, k2, k3, k5, and k6 represent channel 1, 2, 3, 5, and 6 respectively, * denotes the result from Andersen et al. [16] .
sociation. Thus the new competing relationship will greatly decrease the low-temperature oxidation reactivity of DME. 
V. ACKNOWLEDGMENTS
